Earth-based stellar occultations probe the temperature, pressure, and numberdensity profiles of planetary atmospheres in the microbar range with a vertical resolution of a few kilometers. Depending on the occultation data available for a given body and other information, the technique also allows determination of local density variations, extinction by aerosols and molecules, rotation period and zonal winds, atmospheric composition, and the temporal and spatial variability of an atmosphere. A brief quantitative description of the interaction of starlight with a planetary atmosphere is presented, and observational techniques are discussed. Observational results through 1995 are presented for Venus, Mars, Jupiter, Saturn, Titan, Neptune, Triton, Pluto, and Charon.
INTRODUCTION
Occultations of stars by planetary atmospheres-observed from the vicinity of the Earth-probe the temperature, pressure, and number-density profiles of 89 0084-6597/96/0515-0089$08.00 planetary atmospheres with a typical vertical resolution of a few kilometers. Because the main process causing the starlight to dim is the spreading of light rays through refraction by the atmosphere of the planet, this method detects all gases in the atmosphere. The technique is sensitive to an altitude interval of about five scale heights at the microbar pressure level, depending on the distance between the observer and occulting planet. For cases when the observer is near the center of the planetary shadow, focusing of the starlight by the occulting planet greatly enhances the stellar flux in the shadow plane and allows much deeper probing of the atmosphere than is possible from the main drop and recovery of the occultation light curve. Results from related techniques not covered by this review include stellar and solar occultations observed from spacecraft near the occulting planet (Smith & Hunten 1990 ) and occultations of spacecraft radio signals (e.g. Tyler et al 1982) . Because of the proximity of the spacecraft to the planet and/or the different wavelengths used (UV and radio), these methods probe altitude ranges of planetary atmospheres different from Earth-based stellar occultations, and somewhat different techniques are used for data analysis.
An earlier review (Elliot 1979 ) discussed all aspects of stellar occultations for probing bodies in the Solar System and, in particular, covers the atmospheric work done with occultations prior to 1979. A critical test of the method (covered by that review) compared the results of the Geminorum occultation (Elliot et al 1977a,b; Wasserman et al 1977; Hubbard 1979 ) with the results from Viking, which sent an entry probe into the Martian atmosphere just two months later (Seiff & Kirk 1977) . As can be seen in Elliot's (1979) Figure 5 , the mean temperature and the characteristics of the gravity waves (Zurek 1974 (Zurek , 1976 determined from the occultation and entry probe agree well within their errors.
Highlights of stellar occultation work on planetary atmospheres since 1979 (and before the spring of 1995, when the literature search for this review was completed) include (a) comprehensive probing of the atmospheres of Uranus (Baron et al 1989) and Neptune (Roques et al 1994) ; (b) the first confirmed detection of Pluto's atmosphere (Elliot et al 1989 , Hubbard et al 1988a , Millis et al 1993 ; (c) the first occultations observed for Titan (Hubbard et al 1990a , Sicardy et al 1990 , Charon (Walker 1980) , and Triton ; and (d) the first imaging observations of the starlight focused by a planetary atmosphere at the center of its shadow (Nicholson et al 1995) .
We begin with a discussion of the occultation process and how the observed stellar flux is related to the physical properties of the occulting atmosphere. Next we describe how the data are recorded and the techniques used for analysis. We then review the new results for each body and end with our conclusions about the main issues in planetary atmospheres that we can hope to address in the future with stellar occultations.
THE STELLAR-OCCULTATION PROCESS
The relation between the stellar flux received by an observer and the properties of the planetary atmosphere through which it passed is not trivial, so here we present the main equations that describe the process. We use the geometric optics approximation for a spherical planet, extending the work of Elliot & Young (1992) . As shown in Figure 1 , we define a coordinate r that has its origin at the center of the planet and a coordinate y, parallel to r , at a distance D from the planet in the plane of the planet's shadow occupied by the observer. The x-axis, in the plane of Figure 1 , lies parallel to the original direction of the starlight and perpendicular to the y-axis. Light from a distant star is incident on a planetary atmosphere from the left, and before it is received by the observer, it interacts with the atmosphere in two ways. The first is refraction- Figure 1 Refraction of starlight by a planetary atmosphere. Starlight incident from the left encounters a planetary atmosphere and is refracted toward the density gradient as illustrated. The exponential gradient causes the rays to spread, which is seen as a dimming of the star by a distant observer located in the shadow plane. In general, light from both the near and far limb contribute to the light curve (depicted at the far right), although the near-limb contribution is dominant.
the most important for Earth-based stellar occultation observations-which spreads the light according to the gradient of the atmospheric refractivity. As shown in Figure 1 , refracted light from both the limb nearest to the observer (near limb) and the opposite limb (far limb) can combine at the same location in the shadow. The second effect causing the starlight to dim is extinction, according to the optical depth encountered along the line of sight through the atmosphere. Because the path is tangential, the accumulated optical depth along the path is substantially greater than that for light encountering the atmosphere at normal incidence.
We work with a stellar flux normalized to 1 for the unocculted star. The flux ζ(r) received by the observer from a single region of the limb of the planet is the product of three factors (Elliot & Young 1992) , expressed as a function of the radius r of closet approach of the ray to the center of the planet: 1. ζ s (r ), a factor that accounts for the refractive spreading normal to the gradient; 2. ζ f (r ), a factor that accounts for the focusing of the starlight by the atmosphere; and 3. ζ e (r ), a factor that accounts for the extinction by the planetary atmosphere. Thus
The spreading factor is simply the absolute value of the ratio of the initial distance between two rays as they encounter the planet, dr, to their distance in the shadow plane, dy. This can be expressed as a function of the refraction angle, θ(r), experienced by a ray of closest approach r . For refraction toward the center of the occulting body, θ(r) is defined to be negative (as illustrated in Figure 1 ). The relation between the refraction angle, shadow-plane coordinate, and radius for closest approach of a ray to the planet's center is y(r ) = r + Dθ(r), so
The focusing factor is the absolute value of the ratio of the encounter radius to the shadow radius:
Finally, the extinction factor can be expressed as a function of τ obs (r ), the optical depth encountered by the ray within the planetary atmosphere:
In order to express the optical depth and refraction angle in terms of fundamental properties of the atmosphere, we introduce a variable of integration, r , where r 2 = r 2 + x 2 , and define ν(r ) to be the refractivity of the planetary atmosphere and κ(r ) to be its linear absorption coefficient. Then we can write the refraction angle required to a good approximation by Equation 3 as
where the integration is carried out along the path of the ray, which is the xdirection to a good approximation. Similarly, the derivative of the refraction angle is given by
The optical depth along the path of the ray is given by a similar integral:
Finally, as illustrated in Figure 1 , an observer at a radius ρ = |y| from the center of the shadow will receive a combined stellar flux, φ(ρ), from two regions of the limb for the spherical planet approximation. Flux from two limbs would also be received outside the "evolute" of the planetary limb, which is the locus of the centers of curvature of the limb, as illustrated in Figure 2 for an elliptical planet (Elliot et al 1977a) ; inside the evolute (central-flash region), four sections of the planetary limb will contribute to the received flux. For bodies of sufficient angular diameter, the two (or four) contributions to the flux can be resolved and detected separately. If not, the received flux will be the sum from all perpendicular limb points:
To find the stellar flux received by an observer traveling through the occultation shadow, one needs to know the observer's path, ρ(t).
In the geometric optics approximation, the limit on spatial resolution within the atmosphere (in the planet-plane) is set by the finite angular extent of the occulted star-typically about a kilometer, but with many values larger and smaller. For Equation 8 to be a good approximation, the atmospheric scale height should be much larger than both the Fresnel zone (the region of phase coherence for the light; see Born & Wolf 1964) and the diameter of the occulted star projected at the observer-planet distance. If the star has a large angular diameter, one must convolve the result of Equation 8 with the intensity distribution of the star. As one goes deeper into the shadow, the increasing ratio Figure 2 Ray tracing for the central flash. Surfaces of equal bending angle are assumed to be elliptical in shape. Density variations are assumed to be perpendicular to these surfaces, so that light is refracted along the normals to the ellipse. The intersections of these normals form a caustic curve-the evolute of the ellipse. (Adapted from Elliot et al 1977a.) of the circumference of the planetary limb to that of the shadow causes the stellar diameter to correspond to an ever increasing interval around the planetary limb. Along the path of the light rays, the main contributions to the integrals in Equations 5 and 6 occur over an interval in x of about (2r H) 1/2 (Elliot & Young 1992) , where H is the scale height of the atmosphere at radius r . Consequently, a considerable amount of the atmosphere along the path of each ray contributes to its refraction.
Wave-optical effects become important when the angle subtended by the star is smaller than that subtended by the Fresnel zone-about (λD) 1/2 /D, where λ is the wavelength of the light and D the distance between the observer and occulting body. This value applies to free space, but within the atmosphere the differential phase shifting that causes the decreasing stellar flux improves the angular resolution in the direction of the phase gradient (the radial direction) to φ(λD) 1/2 /D. Wave-optical theory as it applies near the center of the shadow (the central-flash region) has been derived by Hubbard (1977) .
For turbulent atmospheres, one needs a statistical treatment for the intensity fluctuations in the shadow pattern. This theory has been developed analytically by Narayan & Hubbard (1988) and numerically by French & Lovelace (1983) , following the earlier work of Young (1976) .
OBSERVATIONAL METHODS
In this section we briefly discuss the acquisition of stellar-occultation data and the calibrations essential for subsequent analysis. The object of the observations is to reconstruct the occultation pattern formed in the shadow plane (discussed in the previous section). A rigorous reconstruction is impossible with present techniques, since it would require an imaging detector as large as the shadow of the occulting body! The measurement we can obtain, however, is the stellar intensity along the observer's path within the shadow versus time (called a "light curve"), but the large-scale symmetry of most bodies allows us to reconstruct the shadow pattern from just a few of these light curves. The starlight seen by the observer is affected by the atmosphere above the perpendicular limb points. For a central path, these do not change with position within the shadow, while for any other paths (sometimes called "chords"), these points are a function of position within the shadow, with the greatest change occurring for the least central events.
In selecting occultations suitable for observation, one keeps in mind a set of scientific objectives, for these dictate the signal-to-noise ratio (S/N) that will be required. For atmospheric work, the S/N per scale height that can be achieved with a given telescope and photometer is a good indicator of data quality. In estimating the S/N, the background light from the occulting planet is the limiting factor for most events, but in some cases background from twilight or the Moon can be significant. Observations from more than one station usually enhance what can be learned from an occultation. Portable telescopes allow one to select the location of the chords observed in the shadow plane, with NASA's Kuiper Airborne Observatory (KAO) allowing particularly large changes on short notice.
Predictions of which stars will be occulted have been exhaustively investigated and published for some bodies (Dunham et al 1991 , McDonald & Elliot 1995 , while for others, this information (likely not complete) is circulated informally within the community. For smaller bodies (whose shadow paths are much narrower than the Earth), refinement of the predicted path is critical, and great efforts are expended in astrometric observations to refine the prediction .
The detectors used for occultation observations include photomultipliers, IR single-pixel detectors, optical arrays, and IR arrays. Array data are becoming more popular, since they can be modeled to remove the planetary background more effectively than with a conventional photometer, and smaller effective apertures can be used, taking in less background (and its associated noise) along with the stellar image. Array data also allow separation of near-limb and farlimb images, if the planet can be resolved, and they can be used for astrometric calibrations of the path of the planet with respect to the star. However, array data require the extra step of making the light curve from photometry of each frame, and much more data must be recorded (an entire frame or portion of a frame, rather than a single number) for the same time resolution.
In selecting filters, one usually prefers the large throughput of a broadband filter (or just the bare detector) to achieve the greatest S/N with respect to photon noise. However, the well-defined mean wavelengths provided by narrower filters are necessary for certain applications, such as "spike-delay" analyses (to be described later) and learning the extinction of the planetary atmosphere as a function of wavelength (for those cases when extinction can be measured). Observations can be carried out at multiple wavelengths simultaneously, or even as spectra. By taking the ratio of light curves recorded for different wavelengths, one can remove the effects of variable backgrounds and variable transparency if the background and the star have different colors (Elliot et al 1975b) . For planets with deep methane bands, great gains in blocking the planetary background can be achieved by observing through a methane filter, but one may not want the extinction of the starlight that occurs when the starlight probes deeper into the planetary atmosphere (Nicholson et al 1995) .
For an observer moving with velocity v in the plane of the shadow, the time taken to cross the "main beam" of the Fresnel diffraction pattern is about (λD) 1/2 /v. To record the highest frequencies in the occultation light curve, one should use an integration time that is half of this interval, although such high-speed recording is not necessary to capture most of the information in the data. The integrations should be contiguous, with no "dead time" between them. Radio time signals from WWV were formally used as a time calibration standard (needed to accurately relate the positions of chords in the shadow plane recorded by different observers), but more recently the Global Positioning System (GPS) has come into widespread use for this purpose. The GPS has an added advantage of providing accurate spatial coordinates of the observer; this is particularly critical for portable and moving observatories, such as the KAO.
In addition to recording the occultation itself, one must also make calibration observations to accurately remove the planetary and other sources of background. Array data need flat-field, dark, and bias calibrations as well. Finally, ground-based observers are at the mercy of atmospheric conditions, and some published occultation data have been recorded under conditions that would have shut down other photometrists. One must be cautious in the interpretation of the data recorded under less than ideal conditions-caution, unfortunately, has not always been heeded.
ATMOSPHERIC INFORMATION FROM OCCULTATION DATA
Learning about planetary atmospheres from stellar occultation light curves first requires a geometric reconstruction of the path of the observer through the shadow plane (Figure 3 ). This is most usually done by modeling an elliptical planetary figure (at a common level of light-curve flux) from several chords of known relative positions (Millis et al 1993) , but this task can also be carried out from accurate astrometric measurements of the star and occulting body (Olkin et al 1996) . Once the shadow-plane path has been established, the first-order information that one can extract about the atmosphere is its scale height-even if one does not know its composition. However if the composition is known, and one is willing to make certain assumptions, then temperature, pressure, and number-density profiles can be derived. Local variations in number density due to atmospheric waves and/or turbulence, which cause "spikes" in the occultation light curves, can also be characterized (spikes are large, abrupt increases in the stellar flux, followed by an abrupt return to normal; see Figure 4 ). If significant extinction affects the light curves, then multiple-wavelength observations can constrain the size of the aerosols. From stellar-occultation probes at multiple latitudes, the ellipticity of an atmosphere can be determined and zonal-wind profiles inferred. For certain cases, information about the composition of an atmosphere can also be revealed through the time delay of spikes in dualwavelength observations.
Scale Height
In the first published discussion (known to us) of how a planetary atmosphere affects starlight during an occultation, Pannekoek (1904) demonstrated that the scale height of the atmosphere and the apparent motion of the planet relative to the star control the rate of dimming. Later, Baum & Code (1953) derived a model light curve for an isothermal atmosphere in hydrostatic equilibrium, and they compared their model (calculated for different scale heights) to an occultation light curve they recorded for Jupiter. The scale heights derived depend critically on knowledge of the background level. Hubbard et al (1972) found that a 10% error in background subtraction can lead to a 100% error in the scale height derived from an isothermal fit. The isothermal model was extended to small planets with thermal gradients and haze by Elliot & Young (1992) . Because the scale height derived from fitting this type of model is strictly a number-density scale height, one must allow for the possibility of thermal gradients when deriving a temperature. For data of high S/N, a possible thermal gradient can be discerned (Elliot & Young 1992 ).
Once the scale height H has been extracted from the light curve (usually by fitting a model), we can find the ratio of the temperature T to its mean molecular weight µ using the gas constant R and the local gravity g at the occultation level:
Hence, one must know the mean molecular weight in order to learn the temperature. We call the "temperature" determined in this manner the "equivalent isothermal temperature" (for further explanation, see Elliot & Young 1992) . The error in the scale height and other light-curve parameters expected from data with a given S/N is given in Appendix B of French et al (1978) . Model fitting is regularly used to determine the mean scale height for first-order analyses , Hubbard et al 1995 , Roques et al 1994 . An example of model fitting to the Pluto light curve obtained in 1988 (Elliot et al 1989) is shown in Figure 5 . "Immersion" refers to the section of the light curve corresponding to the star first disappearing behind the planet, while "emersion" refers to the reappearance. 
Temperature, Pressure, and Number-Density Profiles
For nonisothermal atmospheres, the standard method for determining their thermal structure is the numerical inversion of Equations 2 and 6, which has been treated by several authors (Kovalevsky & Link 1969 , Wasserman & Veverka 1973b , Vapillon et al 1973 , French et al 1978 . The recovered refractivity profile as a function of altitude can be converted to number density if one knows the molecular composition of the atmosphere, and then pressure and temperature profiles can also be derived if one assumes hydrostatic equilibrium. In using the inversion technique one assumes that the refractivity of the atmosphere is a function of radius only and that atmospheric refraction is the only mechanism responsible for the dimming of the stellar flux (although in principle one could add extinction if one had a rule for relating the amount of extinction to the refractivity, or equivalently, the number density). Additional assumptions inherent in the numerical inversion method and the errors expected from photon noise are given by French et al (1978) . The great advantage of numerical inversion is that it does not require one to know the form of the temperature dependence with altitude. With it, one can derive whatever form of the temperature (or pressure or number-density) profile the light curve dictates. However, it does require accurate initial conditions to construct an accurate profile in the upper pressure levels probed. Figure 6 (from Roques et al 1994) demonstrates the sensitivity of numerical inversions to initial conditions. Note that as one goes deeper into the atmosphere, the systematic error introduced by erroneous initial conditions decreases. Another critical factor in retrieving accurate results from numerical inversion is knowledge of the correct background subtraction to define the zero level of the stellar flux in the occultation light curve. An incorrect background affects the temperature profiles, mostly at the lowest altitudes.
Local Density Variations
Local variations in the density are manifested by spikes in occultation light curves (see Figure 4 ). There has been much discussion over the cause of these variations; in particular, are they due to random turbulence or coherent waves in the planet's atmosphere? Evidence suggests that both mechanisms play a role. Spikes in both the Martian and Jovian atmosphere have been interpreted as scintillations due to isotropic turbulence (Jokipii & Hubbard 1977 , Hubbard 1979 , while those same spikes in the Martian atmosphere have also been interpreted as waves (Elliot et al 1977a , French & Elliot 1979 . Analysis of the August 15, 1980 occultation by Uranus demonstrated that the spikes in three Chilean light curves are not due to turbulence (unless it is extremely anisotropic), because the same light-curve features are present in light curves recorded from Figure 6 Effects of initial conditions on light curve inversions. The field of solutions of the inversion method applied to the European Southern Observatory August 20, 1985 immersion data, where the large differences at low pressures depend on the initial conditions used to begin the inversion. The squares are the temperatures derived from the Voyager 2 UVS occultations, and the thicker temperature profile is the preferred solution. (From Roques et al 1994.) stations over 100 km apart (see Figure 7) . The features are consistent with coherent, low-amplitude (± 5 K) temperature variations with a vertical scale of several kilometers (French et al 1982) . Although the physical mechanisms causing light-curve spikes have not yet been unequivocally determined, have shown that the numerical inversions are "only weakly influenced by a horizontally inhomogeneous atmospheric structure." Therefore, the temperature profiles derived from the numerical inversions are still valid in the presence of spikes.
Extinction by Aerosols and Molecules
Although differential refraction is the main mechanism causing the starlight to dim for Earth-based observations of a stellar occultation, effects of extinction and/or molecular absorption have been noted deeper in certain atmospheres (in the central-flash portions of the light curves). Separating the effects of extinction and differential refraction can be aided with simultaneous observations at two or more wavelengths, but it usually requires more information than in the occultation data itself (such as an independent determination of either the extinction or the thermal structure). Two properties of aerosol particles can be characterized by stellar occultations: (a) their linear absorption coefficient and (b) their size. The linear absorption coefficient can be deduced from the observed optical depth. The aerosol particle size can be constrained from multiple wavelength observations, preferably from the same station.
Extinction by aerosols has been detected in Titan occultation data (Hubbard et al 1993b) and possibly for Pluto as well (Elliot & Young 1992) . Effects of molecular absorption have been noted for Saturn (Nicholson et al 1995) and possibly for Neptune (Lellouch et al 1986) .
Rotation Period and Zonal Winds
For a rotating body in hydrostatic equilibrium, the body's oblateness, rotation period, and gravitational harmonics are related by a single equation (Brouwer & Clemence 1961) . Thus if two of these quantities are known, one can find the third. The oblateness of a body at the half-light level of an occultation (or on an Figure 7 Cross-correlation of light-curve residuals as a function of separation distance along the limb of Uranus. The correlation remains high for observing sites separated by 150 km, decreasing slowly with distance. The correlation extends much further than predicted on the basis of isotropic turbulence theory (Jokipii & Hubbard 1977) and provides evidence that the atmosphere is strongly stratified. (From French et al 1982.) isobaric surface) can be established with multiple occultation chords . Another approach for establishing the oblateness is through the structure of the central flash (Elliot et al 1977a , Hubbard et al 1993b , Nicholson et al 1995 , from which one can determine the figure at the central-flash level. Early atmospheric occultation data were used to determine the oblateness of Uranus and (along with the gravitational harmonics determined from the ring precessions) to estimate the rotation period prior to the Voyager 2 encounter (Elliot et al 1980) .
With accurate values for all three quantities-oblateness, rotation period, and gravitational harmonics (from a spacecraft encounter or from a kinematic model of ring precessions)-deviations from hydrostatic equilibrium caused by zonal winds can be established. This method has been used to investigate zonal winds for Saturn (Nicholson et al 1995) , Titan (Hubbard et al 1993b) , and Uranus (Baron et al 1989) .
Composition Brinkmann (1971) was the first to note that occultation light curves with sharp spikes could be used to determine the mixing ratio of a two-component atmosphere, if the refractivities of the two components exhibit different dependencies on wavelength. For an occultation observed at multiple wavelengths (from a single site) there is a time delay between spikes seen in the different wavelength light curves. The time delay is related to the ratio of the atmosphere's refractivity at the two different wavelengths. Once the refractivity dependence on wavelength is known, the contribution due to each of the principal components can be determined. Elliot et al (1974) improved upon the methods of Wasserman & Veverka (1973a) and Brinkmann (1971) and applied this analysis to the emersion light curve of the β Sco AB occultation by Jupiter (the immersion light curve was not as high quality). For Jupiter, the resulting helium fraction by number was found to be 0.16 ; this is consistent with the solar abundance of 0.18±0.04 determined from a combined analysis of Voyager data (Conrath et al 1984) . This method was also applied to the Gem occultation by Mars in 1976, and the argon fraction was found to be 0.10 +0.20 −0.10 (Elliot et al 1977a) . This result is consistent with the later Viking result of 0.016 (Owen et al 1977) .
Compositional information can also be learned from molecular absorption (Lellouch et al 1986) , as described earlier.
Temporal and Spatial Variability of Atmospheres
Ground-based stellar occultation observations provide a relatively inexpensive method (compared to spacecraft) for regular probes of planetary atmospheres. Understanding the time variability of the atmospheric structure of a planet should aid our understanding of seasonal and climatic changes, especially for those bodies that have large predicted seasonal variations such as Pluto and Triton (Spencer & Moore 1992 , Hansen & Paige 1992 , Stern & Trafton 1984 . Uranus may also exhibit detectable seasonal variations in the structure of its upper atmosphere, since its polar axis is highly inclined to its orbit plane. Observations of an occultation by multiple observing stations can probe different latitudes on the planet (French & Elliot 1979 , Baron et al 1989 , Roques et al 1994 , Hubbard et al 1995 .
Comparisons with Other Techniques
Several other techniques can be used to establish the structure of planetary atmospheres near the pressure levels probed by Earth-based stellar occultations: atmospheric entry probes, occultations of radio signals from spacecraft, solar occultations, and stellar occultations observed from spacecraft. It is useful to put the information from stellar occultations in perspective with that from other techniques used for the same purpose. For discussion purposes we choose Neptune as an example, because all these techniques (except for an atmospheric entry probe) have been applied to it. Much of what we know about the structure of Neptune's atmosphere comes from the 1989 encounter by the Voyager 2 spacecraft. The imaging data were used to study the clouds and cloud motions (Smith et al 1989) , but well above the clouds, three instruments onboard were sensitive to the atmospheric structure: (a) the infrared interferometer spectrometer (IRIS; Conrath et al 1989) , (b) the ultraviolet spectrometer (UVS; Broadfoot et al 1989) , and (c) the radio science subsystem (RSS; Tyler et al 1989) . The results of these are displayed in Figure 8 (except for the IRIS observations, which are sensitive to temperatures much deeper in the atmosphere: 30-1000 mbar).
The UVS instrument (Broadfoot et al 1989) recorded solar spectra (between 0.05 and 0.17 µm) as Neptune occulted the Sun. Different mechanisms are responsible for the dimming of the star at different wavelengths. For example, the dimming in the wavelength range of 0.1570 to 0.1634 µm is due to opacity from Rayleigh scattering in H 2 . This establishes the temperature of 150 K in the 1 to 100 µbar pressure range (where stellar occultations are also sensitive). The temperature above this region (at 10 −2 µbar) is determined to be 250 K from H 2 -band data (Broadfoot et al 1989) . The immersion and emersion temperature profiles from the RSS are shown in Figure 8 (Tyler et al 1989) . The temperature profiles from numerical inversion of a stellar occultation observed less than two months before the spacecraft encounter are also indicated in Figure 8 , as is the temperature from a central flash observation in 1985 (Roques et al 1994) . The central-flash data probe almost as deeply as the RSS data. 
RESULTS FOR INDIVIDUAL BODIES
In this section we discuss results for individual bodies in their order from the Sun. Table 1 gives a summary of occultation probes of planetary atmospheres, including the major results for each body. Figure 9 illustrates the levels in the atmosphere that can be probed by Earth-based stellar occultation observations. These regions depend on the distance between the observer and occulting body, which changes by a significant factor for Mars and Venus.
Venus
One stellar occultation by Venus has been observed, and that was of the bright star Regulus in 1957. Although there were a plethora of visual observations (Taylor 1963) , the only photoelectric observations were made under difficult conditions in daylight (deVaucouleurs & Menzel 1960) . After an attempt to reconcile these results with models based on spacecraft measurements of the Venusian atmosphere, concluded that "there is no way in which the Regulus occultation light curve can be reconciled with reality." More information is given in the previous review (Elliot 1979) . Unfortunately, to learn about the Venusian atmosphere with stellar occultations we must await a future opportunity, for which data taken with modern array detectors should prove more reliable. 1977 , 1980 23 Baron et al (1989 Temperature c vs latitude and time, oblateness Neptune 1968 , 1988 , 1989 , 1990 32 Roques et al (1994 , French et al (1985) Temperature profiles vs latitude and time, oblateness 
Mars
The occultation of Geminorum by Mars in 1976 occurred just weeks prior to the Viking entry probe and at the height of a debate on whether the spikes in stellar-occultation light curves represented the signatures of random atmospheric turbulence (Young 1976) or that of coherent, wave-like atmospheric structures (Elliot & Veverka 1976) . It also marked the first observations of a central flash (Elliot et al , 1977a . For the most part, the wave hypothesis seemed the correct explanation for spikes in the Martian occultation light curves (Elliot et al 1977a,b; French & Elliot 1979) , as the wave structures derived from inversion of the light curve matched the atmospheric tides observed with the Viking entry probe in wavelength and amplitude (Seiff & Kirk 1977 , Elliot 1979 ). Hubbard (1979) , however, presents a dissenting view. French & Taylor (1981) used the observations of the April 8, 1976 occultation by Mars to determine an oblateness for the atmosphere and then related that to a mean equator-to-pole temperature difference of more than 50 K. Elliot (1979) gives a more complete discussion of the observations and analyses.
Jupiter
Of the three observed occultations by Jupiter, the first two (occurring in 1952 and 1971) were covered previously (Elliot 1979 ), so we concentrate here on the last one, observed from one site in 1989 (Hubbard et al 1995) . Improvements in instrumentation (in particular the advent of IR array detectors) prior to this event permitted good quality data to be acquired, even though the occulted star (SAO 78505) is much fainter than stars previously occulted (σ Ari and β Sco). Hubbard et al (1995) fit a Baum & Code (1953) model to get the average scale height and found agreement with results from the β Sco event, which was widely observed in 1971. These results are shown in Figure 10 . Numerical inversions of the light curve yielded temperature profiles for Jupiter's mesosphere. These proved reliable only down to the 10 µbar region, due to uncertainties in the background calibration. Even though the Voyager instruments are not sensitive to this pressure region, data from the UVS and RSS instruments would put the mean temperature at 220 K-which is above the mean temperature from this occultation, 176 ± 12 K (Hubbard et al 1995) . Future probes of this region by (Hubbard et al 1972) , Cornell group , Elliot et al 1975a , Meudon group (Combes et al 1971) . The Cornell data point for β Sco C shown in parentheses was considered highly uncertain, and no error bar was given (Hunten & Veverka 1976) . Solid dots and open dots are results from Hubbard et al (1995) , for different apertures used to reduce their array data; the other data are from the 1971 β Sco occultation. (From Hubbard et al 1995.) ground-based stellar occultation observations and the Galileo probe are needed to improve our understanding of the temperature in Jupiter's mesosphere.
Saturn
Our information about Saturn's atmosphere from stellar occultations comes from the 28-Sgr event that occurred on July 3, 1989 and was widely observed throughout the western hemisphere. Although much work has been published on analyses of the ring occultations (French et al 1993 , Harrington et al 1993 , Hubbard et al 1993a , the only results (other than abstracts) published to date concerning the atmosphere have been observations of the central flash and their analysis to determine Saturn's stratospheric zonal winds at the 2.5-mbar pressure level (Nicholson et al 1995) . These are the first imaging observations of the central flash and were carried out at 2.1 µm from McDonald Observatory and at 3.9 µm from Palomar. These wavelengths have relatively weak CH 4 absorption, which allowed the good transmission at the central-flash level, compared with observations at 2.33 µm (Hubbard et al 1993a) , where no central flash could be detected. Another aspect of the observations is that Saturn's rings were open, causing significant interference with the central flash observations (Nicholson et al 1995) .
The data were recorded as a time series of images, from which a light curve was constructed. However, within the evolute (Elliot et al 1977a) , images of the star from four different regions of the planetary limb are visible; samples of these are shown in Figure 11 (Nicholson et al 1995) . An individual light curve for each of the flash images was generated and compared with a model. Nicholson et al (1995) found that the data are most sensitive to the zonal wind profile (since this accounts for the difference of the global limb shape from hydrostatic equilibrium), with the best agreement for a uniform wind speed of 40 m s −1 at 25-70
• north latitude in the stratosphere. Comparison with zonal wind profiles determined by Voyager at the cloud level suggests that the midlatitude winds decay with height above the troposphere to the nonzero mean of local tropospheric winds (Nicholson et al 1995) .
Two puzzling discrepancies remain between the data and the model used by Nicholson et al (1995) . The first is a relative offset of 3 s between the times of the McDonald and Palomar data: This is much larger than the 0.05 s limit established from the ring-orbit modeling (French et al 1993) . The second is that the observed central-flash profiles are substantially smoother than the model profiles, even if one accounts for the larger angular diameter subtended by the star. A similar effect occurs for Mars, where the central flash is smoother than the model (Elliot et al 1977a) . One explanation of this effect for Saturn offered by Nicholson et al (1995) is that refractive scintillations (Narayan & Hubbard 1988 , Hubbard et al 1988b , produced by wave structure or turbulence in Saturn's atmosphere, could be responsible.
Numerous immersion and emersion light curves were recorded for the 28-Sgr occultation (see Figure 4 for one example), and analysis of 14 of these should appear in the literature soon (WB Hubbard, private communication).
Titan
To date only two ground-based stellar occultations by Titan have been observed (Sicardy et al 1990; Hubbard et al 1990a; HB Hammel, JL Elliot & CB Olkin, unpublished data) . However, the first event significantly increased our knowledge of Titan's atmospheric structure in the 250-450 km altitude range because of three factors: 1. the brightness of the occulted star (28 Sgr), 2. the almost 50% coverage of the occultation shadow, and 3. light curves that were recorded over a large range of wavelengths. The event was observed from 15 stations, with 6 stations recording the central flash. The wavelengths of the observations ranged from 0.39 µm to 0.89 µm (Hubbard et al 1993b) . Although the Voyager spacecraft had already visited Titan by the time of this occultation, it did not probe the atmosphere at the same altitude. The UVS stellar occultation probed Titan at altitudes above 1000 km (Smith et al 1982) , whereas the RSS data were sensitive to higher pressure levels, in the altitude range of 0-200 km (Lindal et al 1983) .
Results of inverting the occultation light curves show that the stratospheric temperature on Titan is between 150 and 170 K, with no temperature differences between the sunset and sunrise limb and no temperature differences between the equatorial and high southern latitudes (Hubbard et al 1993b) . Figure 12 Titan zonal winds. Zonal flow in Titan's stratosphere, as a function of colatitude θ , inferred from the best-fit differentially rotating model for the 28-Sgr occultation. Vertical dashed lines delimit the range of θ near the pole, where no occultation data are available because of the tilt of Titan's spin axis to the reference plane. (From Hubbard et al 1993b.) The central flash from the 1989 occultation by Titan has been used to determine the limb shape, from which a zonal wind profile was derived by Hubbard et al (1993b) . They noted that the central-flash pattern observed by the six most-central stations in the Titan occultation of 28 Sgr was not consistent with the evolute pattern expected by a oblate planet (Elliot et al 1977a) and proposed a differentially rotating model for Titan's stratosphere. The resulting zonal flow velocity is shown in Figure 12 .
In contrast to the consistent stratospheric temperatures derived, latitudinal asymmetries in the aerosol distribution are evident. Asymmetries in the baseline of three light curves and the suppression of central-flash caustics from the north limb of Titan indicate the presence of two haze regimes: (a) a high-optical-depth haze over Titan's north pole and equatorial regions and (b) a relatively low-optical-depth haze over the south pole (Hubbard et al 1993b) .
Imaging observations (from both Voyager and HST) have detected hemispheric albedo asymmetries. However, the Voyager observations show the opposite asymmetry, with the detached, higher-optical-depth haze layer in the south pole and equatorial regions (Toon et al 1992) . More recent HST observations (Caldwell et al 1992) showed the northern hemisphere of Titan to be brighter than the south (consistent with the asymmetric hazes found from the 1989 stellar occultation). This asymmetry has been attributed to large-scale Hadley circulation (Toon et al 1992) associated with Titan's seasonal cycle.
Uranus
Many stellar occultations by Uranus were observed in order to improve kinematic models for the Uranian rings (Elliot et al 1981 , French et al 1986 prior to the Voyager 2 encounter in 1986. Baron et al (1989) present a synthesis of all the occultation data from 1977 to 1983 to derive an oblateness of 0.0197 ± 0.0010 for the Uranian atmosphere at the µbar pressure level. [The accuracy is comparable to the determination of the figure at the 1 bar level by Voyager 2 radio occultations (Lindal et al 1987) .] The rotation period inferred from the oblateness, 17.7 ± 0.6 h, is consistent with the 17.24 h period derived from periodic radio signals caused by the magnetic field rotation (Warwick et al 1986) .
Twenty-three determinations of the average atmospheric temperature are also included in the analysis of Baron et al (1989) . As can be seen in Figure 13 , these temperatures show no obvious change with latitude. However, over the sevenyear time span of the observations the temperature appears to increase at the rate of 8 K/year ( Figure 13 ). The cause of the apparent increase of temperature with time is not known, although we note that the increase depends heavily on the 1977 observations.
Neptune
A large number of Neptune occultations have been observed, mostly as byproducts of the search for rings (Elliot et al 1985 . A combined analysis of 22 light curves from 9 stellar occultations observed during the period [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] has been presented by Roques et al (1994) . They analyze the data by fitting isothermal models to the light curves and by numerical inversions. Preferring the results from the inversions, they find mean temperatures in the range 150-200 K at the 25-µbar pressure level. As discussed earlier, this level lies between the Voyager UVS and RSS measurements (see Figure 8) , and their results confirm the general increase in temperature from the tropopause to the lower thermosphere. The inversions show 30-K variations of temperature occurring over 30-km altitude ranges (the scale height is about 50 km). Roques et al found no observed correlation between latitude and temperature, but did report a possible correlation between the mean temperature from numerical inversions and the 11-year solar cycle. More data are required to confirm this correlation, however. Possible signatures of extinction by hazes were noted in some of the light curves. Roques et al (1994) analyzed eight central flash events from these light curves. They used an isothermal analysis to find scale heights from 28 to 48 km in the pressure range from 300 to 400 µbars (81 K to 138 K; no error bars are given, but much of this range must be due to errors rather than temperature differences in Neptune's atmosphere). Hubbard et al (1988b) examined the scintillations in one of the central flash events, and a Monte Carlo simulation of Neptune's shadow is shown in Figure 14 . The central flash observed in 1985 was analyzed by Lellouch et al (1986) , under the assumption that deviations from the stratospheric temperature are due to absorption by CH 4 , from which they infer that [CH 4 ]/[H 2 ] = 0.6% (with an uncertainty of a factor of 10) at 0.3 mbar. Hubbard et al (1987) prefer to interpret the central-flash data in terms of a thermal gradient, and they find that the temperature changes from 150 to 135 K as the pressure rises from 1 to 400 µbar.
Triton
The inferred variability of Triton's surface pressure with season (Hansen & Paige 1992 , Spencer & Moore 1992 ) makes this an interesting target for a series of occultation observations. Some models predict extremely large changes in surface pressure (several orders of magnitude), while other models predict less. The state of Triton's atmosphere was approximately determined in 1989 by several instruments aboard Voyager 2. Each of these instruments investigated a different region of the atmosphere and was sensitive to different properties. Aeolian features noted on images of the surface have been used to define the pattern of surface winds, while the remarkable "plumes" (Smith et al 1989) trace wind speeds up to an altitude 8 km, where the troposphere ends. The radio occultation found a high electron density at 400-km altitude (implying the presence of an ionizing heat source) and detected the neutral atmosphere near the surface (Tyler et al 1989) . The UVS measurements of spectra and occultations were in the range 500-1700Å (Broadfoot et al 1989 , Yelle et al 1991 . From the spectral data, N 2 and NII were detected, and from the Voyager 2 occultation data, strict limits were placed on the amount of CO. The [CO]/[N 2 ] ratio is less than one percent, so Triton's atmosphere is almost purely N 2 .
To investigate possible changes in the surface pressure, KAO observations of a stellar occultation were carried out in 1993 ). An isothermal model based on the work in Elliot & Young (1992) was fit to the occultation light curve, with haze consistent with the Voyager 2 imaging observations (Hillier & Veverka 1994 ) included in the model. Results for the temperature and number density show that Triton's atmosphere exhibited no detectable change since the Voyager 2 encounter (JL Elliot, CB Olkin, EW Dunham, unpublished data). A second Triton occultation was widely observed in August 1995 (see Table 1 ), but results are not yet available.
Pluto
Attempts to observe a stellar occultation by Pluto date back to 1965 (Halliday 1965) , but the first definitive observations of a stellar occultation occurred in 1988. This occultation was recorded by seven ground stations in New Zealand and Australia (Millis et al 1993) , but the KAO provided the light curve with the best S/N (Elliot et al 1989) . These data are displayed in Figure 5 , where the points represent 0.2-s integrations and the lines represent models discussed below. The gradual drop of the light curve from the unocculted stellar signal is caused by Pluto's atmosphere. In the upper part of the light curve there may be one or two spikes, but the scarcity of these relative to giant-planet occultation light curves indicates that Pluto's atmosphere is much more stable (fewer waves and/or turbulence) than the giant-planet atmospheres. The dashed line in Figure 5 shows a model isothermal atmosphere. The light curve follows the isothermal model until about half intensity, and then it abruptly drops well below the isothermal model, which can be explained in two ways: Either (a) Pluto's atmosphere has a haze layer with a sharp upper boundary (Elliot et al 1989 , Elliot & Young 1992 ) whose extinction causes the light curve to abruptly drop or (b) Pluto's atmosphere has a thermal gradient (Eshleman 1989 , Hubbard et al 1990b strong enough (∼ 20 K/km) to accomplish the same effect.
If we concentrate on the analysis of the upper, isothermal part of the light curve for the moment, Elliot & Young (1992) find T /µ for this part of the atmosphere to be 3.72 ± 0.75 (K/amu) and find a thermal gradient consistent with zero. Surface-ice spectroscopy by Owen et al (1993) revealed N 2 , CO, and CH 4 , from which these authors concluded that the predominant constituent is N 2 , because it has by far the highest vapor pressure at the 40 ± 2 K temperature of Pluto's surface (Tryka et al 1994) .
The structure of Pluto's atmosphere as determined from the 1988 occultation is shown in Figure 15 , where we have indicated the uncertainty in the lower part of the atmospheric structure that can be due to the extinction or sharp thermal gradient. This ambiguity could be resolved with future occultation observations, carried out simultaneously in the IR and visible. Haze particles would be small and produce less extinction at IR wavelengths so that the light curve would not drop so steeply as the optical. On the other hand, if the sharp drop is due to a thermal gradient, then the IR and optical light curves would appear virtually identical.
The model that describes the isothermal character of the upper part of the light curve, as established from the analysis of Elliot & Young (1992) , was put forth by Yelle & Lunine (1989) . Due to the large cross sections of CH 4 , it absorbs sunlight in the 3.3-µm band and then reradiates in the 7.7-µm band, keeping the temperature at a nearly constant 102 K. Lellouch (1994) pointed out that CO cooling could be significant in the radiative transfer, and Strobel et al (1995) have incorporated CO cooling into a more sophisticated model. However, these radiative transfer models have not yet demonstrated that they can generate temperature changes that are abrupt enough to explain the sharp drop in the light curve ( Figure 5) . Similarly, the haze interpretation of the sharp drop in the light curve suffers from no known mechanism to produce enough particles and to keep them suspended (Stansberry et al 1994) . Millis et al (1993) find a remarkable consistency among the temperatures of the isothermal part of the atmosphere and the radius of the "top of the haze" around the planet. Also, the surface radius deduced by them (1195±5 km for the sharp-thermal-gradient assumption) is about 30-40 km larger than that deduced from the mutual events (Buie et al 1992 , Young & Binzel 1994 . One explanation for this is that a deep troposphere could hide the surface from the occultation light curves, except for the more central stations (Stansberry et al 1994) .
Some models predict that Pluto's atmosphere will collapse as it recedes from the Sun, but this conclusion depends on the CH 4 fraction in Pluto's volatile reservoir (Trafton 1990 (Stansberry et al 1994) as depicted in the figure. The drop in the occultation light curve can also be explained by extinction and a thermal gradient (which may be more gradual). Two such profiles are shown. (Adapted from Elliot & Young 1992.) that the alpha-beta phase transition for N 2 could buffer the atmosphere at the transition temperature (35.6 K) and keep it from collapsing for part of its orbit.
Charon
A stellar occultation of a 12th magnitude star by Charon was observed by Walker (1980) , who used these data to set a lower limit on Charon's radius of 600 km (only a single chord was recorded). Although the signal-to-noise ratio for these data is high, their time resolution is poor (2 s). The data were reanalyzed by Elliot & Young (1991) , who improved the accuracy of the radius limit and set upper limits on the column heights of any atmosphere. These limits range from 1 to 57 cm-am 1 , depending on the gas. Elliot & Young (1991) noted hints that the immersion and emersion were not abrupt. If these effects are indeed due to a tenuous atmosphere, then the amount of gas needed to produce these effects range from 0.24 to 2.6 cm-am, again depending on the gas assumed to be present (0.39 ± 0.10 cm-am for CH 4 ). Additional data of higher time resolution and better quality will be needed to resolve the issue of a tenuous Charonian atmosphere with an Earth-based occultation. An ultraviolet solaroccultation observation from a spacecraft near Charon would be several orders of magnitude more sensitive a test for certain gases (depending on their cross sections for UV absorption).
CONCLUSIONS AND OPPORTUNITIES
In the period covered by this review, Earth-based stellar-occultation probes of planetary atmospheres have emerged from a curious, one-time-only opportunity to become an established technique that can be used regularly. Yet, before stellar occultations can reach their full potential, we need more high-quality data at more frequent intervals. Every last bit of signal-to-noise can tell us more about atmospheric structure, each additional chord adds to our knowledge about the spatial structure of an atmosphere, each new wavelength used opens new opportunities, and each new occultation event can reveal more about seasonal and climatic changes.
The promise of stellar-occultation investigations for the future may be best illustrated by Pluto and Triton, since one of the most fascinating aspects of these atmospheres are their (predicted) large, seasonal changes (Hansen & Paige 1992 , Spencer & Moore 1992 . This question could also be addressed with orbiting spacecraft, but these are unlikely for many decades. Despite the many similarities between Pluto and Triton-their sizes, densities, and main atmospheric constituent-their lower atmospheres exhibit quite different structures, possibly due to a small difference in their CH 4 mixing ratios or the distribution of their N 2 surface ices. A fundamental question to answer for Triton is whether the atmospheric pressure is presently increasing or decreasing. Although large variations in Triton's surface pressure have been predicted, current uncertainties in the thermal inertia and N 2 inventory result in some models predicting an increase in surface pressure and others predicting a decrease. A series of stellar-occultation observations for Triton could establish the seasonal change of surface pressure, which could then be used to constrain the properties of Triton's surface ices. Another outstanding issue is to determine the nature of Pluto's lower atmosphere: Is there a haze layer or a thermal gradient or a combination of both causing the sharp drop in the occultation light curve ( Figure  5 )? A stellar occultation observed simultaneously in the visible and infrared would resolve this question. Also, a nearly central chord would probe more deeply than the KAO light curve and might detect a troposphere.
Considering analysis techniques, we have seen the shortcomings of both the model fitting and the inversion methods for learning the atmospheric structure. The upper region of a temperature profile derived from numerical inversion is sensitive to initial conditions, while the lower part of the profile is sensitive to the zero-flux calibration. Although model fitting is also sensitive to the zeroflux level, its main drawback is that you must know the correct form of the atmospheric model. So far these models have been limited to simple forms: isothermal, thermal gradient, extinction. However, as we become more skilled in constructing physical models for planetary atmospheres, we shall be able to extract more accurate information about atmospheric structure than we can presently obtain.
In the area of instrumentation, current detectors are well above 50% quantum efficiency, so we cannot expect much improvement in S/N from them. However, the larger collecting areas of telescopes being constructed will yield higher S/N and, even more importantly, will allow more frequent probing of atmospheres with occultations because fainter stars can be observed. These new, large telescopes will need high-speed array cameras suitable for occultation work.
The future also promises improvements in observing platforms. The KAO has proven to be an excellent platform for stellar occultations, primarily because it can be placed where needed to observe an event. The next-generation airborne observatory (SOFIA) will have a larger telescope aperture and a longer range. These factors will increase the number of high-S/N occultations available, especially for small-body occultations where the portability of the observatory is critical.
Finally, we note that one way to greatly increase the amount of planetary occultation data available in the future would be to launch a constellation of three or more maneuverable, meter-class telescopes into large polar orbits. With this capability, the number of small-body events potentially observable would increase roughly as the radius of the orbit: about a factor of a hundred more events than we can access from the Earth for orbital radii equal to one-hundred Earth radii. More occultations by large planets would be observable too, with the added capability of getting chords widely spaced over the planet or multiple chords of the central flash. This type of facility would greatly enhance the usefulness of the stellar occultation technique for probing distant planetary atmospheres.
